Abstract-Rainfall in tropical environments acts as a dominant parameter for estimating the availability of free-space optics (FSO). Long fades are caused by precipitation in particular heavy rains, and this precipitation increases atmospheric attenuation due to rain and reduces the availability of optical power from FSO links. In this paper, the link availability of an FSO system is estimated under the impact of rain in a tropical climate. The influence of rain on the propagation of FSO signal is investigated based on experimental and statistical analyses of rain-rate measurements under tropical conditions. Rain-rate data are measured in Malaysia for three years and used to estimate the availability of FSO links. Models developed in Malaysia are used to predict atmospheric attenuation due to rain. Long-term statistical measurements of rain data can enable good estimation of link availability. Based on the prediction model and measured rain-rate data, the FSO link budget is analyzed, and the link availability as a function of distance is predicted. Carrier class availability limits the FSO link to a few hundred meters only, whereas enterprise class availability can exceed FSO links over a few kilometers long.
I. INTRODUCTION
F REE space optics (FSO) is a line of sight technology that uses light as a medium of communications. FSO systems are most frequently used in terrestrial applications over distances up to several kilometers. FSO systems can be used as solution for last mile problem, inter building connections in enterprise and campus environments, backhaul for cellular systems, wireless metropolitan area network extensions, broadband access to remote areas, redundant links in disaster situation where primary infrastructure link (fiber optic) could be outage and high quality video surveillance of a city [1] . It has many advantages with respect to radio frequency, such as significantly advanced bandwidth, fast installation time, easy deployment, licensed free frequency, cost effectiveness, and superior security [1] . However, the main challenge of FSO systems is that light propagation is influence by different weather conditions such as fog, rain, haze, and snow [2] . Wavelengths of optical power propagating signal have similar particle size distributions of atmospheric aerosols of fog and larger for rain [3] . This similarity makes propagating light photons interact with suspended or fall particles through the atmosphere and cause scattering or absorption of the light wave, thus resulting in a high attenuation of optically received power [4] . This high attenuation due to atmospheric weather conditions affects the performance of FSO link and decreases its availability for a given link distance [5] . Fog is considered to be the dominant factor that affects the FSO link performance in different regions exposed to various weather environments like temperate regions [6] . Meanwhile, rain is expected to be the main factor in reducing the FSO link availability performance in tropical regions [7] . These different weather conditions limit the FSO link distance. Based on a recent theoretical study, the FSO link can operate up to 7.5 km link distance under clear weather conditions [8] . Scintillation is another weather factor that may affect the FSO link [9] . The effect of scintillation can be compensated by using existing novel algorithms [10] or utilizing the multiple-input and multiple-output scheme with spatial diversity [11] . The effect of scintillation is almost negligible in tropical areas due to the low refractive index structure of turbulence [12] . Losses due to pointing error can be treating by using alignment telescope as most of FSO system manufactures provide. To provide recommendations of maximum distance that the FSO system can operate, the estimation of link availability based on accurate statistical precipitation intensity measurements in tropical regions is needed. In this paper, FSO link availability has been estimated based on measured rain data at tropical regions. The prediction model developed in real time measurements for tropical climate is used to predict the optical attenuation due to rain. Measured rain intensity data for long periods of time have been used to provide accurate estimation of FSO link availability performance. This approach enables us to provide a solid assessment for the deployment of FSO system with respect to distance especially in equatorial climates. The rest of the paper is organized as follows: Section II considers the FSO link budget. Section III demonstrates the rain intensity measurements. Section VI presents the results and analysis. Section V concludes the paper.
II. FSO LINK BUDGET
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the quality of optical components such as couplers and lenses [13] . Geometric loss is a big portion of the light missing the receiver aperture due to the divergence of the optical beam [14] . In addition, the additional losses those are due to atmospheric hydrometeors. The first two losses are related to the FSO design and can be easily quantified and controlled by the system engineer; whereas the additional loss due to atmospheric weather phenomena is unpredictable. Prediction of such an atmospheric loss is based on statistical weather data. In tropical climates, attenuation due to rain is considered to be the additional loss.
A. FSO Specific Rain Attenuation Models
To observe the effect of rain attenuation on the FSO link, the drop size distribution of rain and rain rate are needed. Rain attenuation or extinction coefficient γ can be calculated by integrating all rain drop sizes as follows [15] :
where Q is the extinction cross section (mm 2 ), which is a function of the drop diameter D (mm), wavelength (mm), and complex refractive index of water m. N(D) is the drop size distribution function. Practically, parameters in (1) may not always be available or difficult to quantify. Thus, a general form of empirical relation between the specific rain attenuation and rain rate was derived and proposed in decibel scale as follows [16] :
Where R is the rain intensity (mm/hr), k and α are power law parameters and depend upon frequency, temperature and microstructure of rain. Applying power law approach, the values of k and α can be obtained by utilizing the curve fitting or point matching techniques [17] . The power law equation shows the prediction of optical attenuation due to rain and can easily be obtained whenever rain intensity data are available. In FSO, several power law models for specific rain attenuation exist over the years. The Carbonneau model [18] developed in France used measured values of up to 5 mm/hr to predict the k and α values; whereas the Japan model conducted measurements for rain intensities between 80 and 90 mm/hr. Both models have been recommended by ITU-R. Another model [19] was also proposed in temperate region based on rain attenuation data and rain intensity (up to 100 mm/hr) data measured for seven years in Prague. In tropical climates, model proposed in Malaysia KL [20] , which used the ITU-R approach and based on the relationship between the equal probability of experimental rain intensity and rain attenuation.
The rain intensity data in this experiment was measured using rain gauge specifications shown in Table III ; whereas rain attenuation measurements used FSO system parameters in Table I . The k and α values are then obtained by using the regression analysis of best fitting curves on predicting rain attenuation as shown in Fig. 1 .
The other model [21] developed in tropical climates used the least square mean equation with the Levenberg-Marquardt optimization of one year measured rain data to estimate the power law parameters. Table II shows the k and α values for these models. Comparisons of specific rain attenuation models are shown in Fig.6 Carbonnea and Japan models recommended by ITU gave average attenuation compared with other models.
All above mentioned models predict rain attenuation based on single scattering approach. Another study [22] calculated rain attenuation using multiple scattering and simulation approach which is not available all the time. For extrapolation of predicting FSO attenuation due to rain for longer than one kilometer FSO link distances; ITU-R total path attenuation induced by rain exceeded for 0.01% is employed and it is estimated by:
Where; d is total path length (km) and r is path length distance factor. Since distance factor r depends on the structure of rain cell not on the characteristic of propagating signal. Thus, the distance factor r for FSO has been derived using distance factor models developed for microwave under measurements in tropical climates and is given by [23] :
Substituting (4) into (3) the final form of the total path attenuation of FSO due to rain is obtained as follows:
where R %P is the rain intensity (mm/hr).
B. Fade Margin and FSO Availability
Determining all potential losses that may occur during the communication link is an indispensable part of the deployment of any communication system. Geometric and optical losses in FSO are considered to be constant losses for a given FSO system parameters. Geometric loss depends on the FSO system parameters and link length. Regardless the cost efficiency of the FSO system, various FSO system parameters will result in different availabilities [24] . At the FSO receiver side, excess power after deducting all constant losses from transmitted power that launched from the transmitter will consider a link margin. This margin will be allocated for any atmospheric weather influence within the propagating optical channel. In other words, the link margin identifies the allowable atmospheric attenuation that is still available. In this paper, the geometric loss that can be obtained from (6) [14] ; and optical loss are considered to be constant losses.
where θ is the divergence angle (mrad) and D is the diameter of the receiver lens (m).
The link margin will be for the additional loss due to rain, as depicted in Fig. 2 . The rise in the FSO link distance will increase the total loss. The link availability can be obtained if the received optical power does not exceed the specific receiver sensitivity for the required link distance. In tropical climates, Fig. 3(a) shows that the received optical power exceeds the receiver sensitivity (−45 dBm) during heavy rains; whereas, Fig. 3(b) exhibits that the received optical power does not exceed the receiver sensitivity during light rains.
In FSO, several studies have been conducted in order to estimate the FSO link availability in both temperate and tropical environments. In temperate regions, a study of link availability was conducted based on collected local weather data from local airports [5] .
Distance limitations of FSO systems for both carrier as well as enterprise class availability have been examined using 850 nm and 1550 nm. Carrier class availability can be achieved over a maximum link distance of 140 m for all weather conditions; whereas the distance can increase up to 4 km for enterprise class. Another experimental study [25] also conducted in temperate region for one year period over 853 meter FSO link rang using 850 nm. The study pointed out that visibility and rain intensity data measurements can be used for availability estimation. It shows that in temperate region fog and rain should be consider in evaluating the FSO link availability. In Malaysia, a low cost hybrid FSO/RF system experiment conducted to investigate the performance of FSO link in tropical regions [12] . An 850 nm wavelength used for FSO channel over transmission range at 500 m and 1000 m. The study showed that FSO link can operate over 2 km link distance under the impact of rain; to 6 km without rain for 99.99% in tropical region for > 50 dB fade margin.
III. RAIN INTENSITY MEASUREMENTS
Rain intensity is defined as the volume or depth of rainfall that occurs in a given period of time and is referred in length/time units. In tropical climates where rain is the most concerned factor, the longer the period of collecting rain intensity data, the more accurate the availability prediction.
In this work, rain intensity measurements were done for three years from 1 January 2011 to 31 Dec 2013 at the International Islamic University Malaysia (IIUM) campus at Kuala Lumpur. A 0.2 mm/tip rain gauge tipping bucket was used to collect every rainfall data event. It records the total rainfall occurring in each minute without recording non rainy events; therefore the rain rate is recorded as an integral multiple of 12 mm/hr or 0.2 mm/min. Table III shows the rain gauge specifications. Fig. 4 shows the experiment setup, which consists of two main component processes. A funnel-shaped rain gauge was used to collect precipitation down to one side of the bucket that balances on a pivot. Each side of the bucket accumulates 0.2 mm/tip of water volume. When one of the buckets is full (0.2 mm), the water is tipped to the other side by using reed switch. The collected rainfall data are sent to the data logger that is situated a few meters away from the rain gauge through an electrical signal. The data will be treated by using monitoring device and converted to rainfall rate at the data logger. The sampling rate was one sample for every 10 s interval and averaged with 1 min integration time. The cumulative distribution function (CDF) of rain rate data is shown in Fig. 5 . In observing the overall rain intensity data point, the maximum intensities are greater for shorter duration.
A specific rain attenuation model can predict the rain attenuation in a simple and practical form. The only parameter needed is rain intensity, which is the most important parameter to predict the rain attenuation. Thus, rain intensity data is needed for local weather. Statistically, the more data collected, the more accurate the result will be. Thus, the rain intensity measurement has been taken for three years to have a good estimation of FSO link attenuation due to rain.
IV. RESULTS AND ANALYSIS
To obtain realistic estimation of the availability of FSO link under the influence of rain, the power budget has been calculated based on the predicted attenuation of long term measured rain intensity. Geometric and optical losses were considered as constant losses.
A. Specific Rain Attenuation Predictions
The CDF of measured rain intensity data along three years is shown in Fig. 5 . The rain-rate distribution in 2011 was highly compared with the next two years. The highest rain rate was 168 mm/hr, whereas the minimum measurable rate was 12 mm/hr due to the sensitivity of 0.2 mm rain gauge used in the measurements. Fig. 5 . shows that the percentage of time exceeding 0.01% level corresponds to nearly 100 mm/hr. These results indicate that the rain rates in tropical regions are very high compared with the rain rates at temperate regions. In temperate regions where some FSO specific rain attenuations models have been developed based on low rain intensity of about 5 mm/hr, these models may not reflect the exact prediction value compared with models established with rain intensities of more than 100 mm/hr. On the other hand, Malaysia Johor model developed based on 100 meter FSO link distance only. This short distance may not consider the uniformity of rain rates over the path length. Also, high rain rates can be much localized [26] resulting in high attenuation. Fig. 6 shows the comparisons of specific rain attenuation models of FSO. Models recommended by ITU-R and the Malaysia Johor model seem to overestimate the optical attenuation due to rain compared with the measured rain attenuation at Prague and Malaysia KL. The Malaysia KL model is in the median of the Prague and France models and has also been developed based on the experiment setup conducted in IIUM campus (tropical area), which has the same physical structure of rain such as drop size distribution and temperature. Thus, the Malaysia KL model can suitably predict optical loss due to rain especially for tropical climates. FSO rain attenuation is categorized under non-selective scattering, which refers to the fact that scattering is independent of optical wavelengths. This is due to the rain drop size is much larger than the incident wavelength [3] . Thus, the rain attenuation in FSO is only depending on rain rate [19] . Hence FSO empirical models were developed to be independent of optical wavelengths. FSO rain attenuation was found constant for wavelengths ranges from 550 nm to 1550 nm for uniform rain rate [27] .Therefore availability assessments at present work can be applicable for most FSO commercial systems.
B. FSO Availability Estimation Due to Rain
Malaysia KL model was employed to predict rain attenuation for CDF of measured rain intensity using equal probability correlation. For three years, a low attenuation of almost 3 dB/km is observed for rain intensity of 12 mm/hr. This low attenuation corresponds to nearly 0.9% of the exceeded time, as depicted in Fig. 7 . By contrast, a high attenuation of almost 32 dB/km is observed, which corresponds to 0.000187% of the exceeded time, due to the high rain intensity of 168 mm/hr. An attenuation difference of 29 dB/km exists between the lowest and the highest rain intensity, which indicates that the rain attenuation increases substantially in tropical areas and needs to be considered during the design of an FSO system. High attenuation is also indicated to correspond to the low percentage of exceeded time.
To quantify the optical attenuation due to rain for more than one kilometer FSO link, the attenuation at Fig. 8 was predicted using (5) . The plot consists of optical attenuation due to rain for distances that range from 2 to 5 km. The behavior of the attenuation spectrum is increased as the link distance increased. Fig. 8 shows that for a desired availability, one can only speculate the maximum range that an FSO link can operate for a given power margin. For example, more than 33 dB power margin is needed to assure 99.99% availability over 2 km FSO link distance, whereas power margins of 45, 54, and 60 dB are necessary for the same availability over 3, 4, and 5 km FSO link distance, respectively. Availabilities of FSO link due to rain were calculated using CDF of measured rain intensities collected during three-years period and the predicted rain attenuation shown in Fig. 7 . Geometric loss was predicted using (6), whereas optical loss was assumed to be 4 dB. FSO system parameters in Table I were used for calculation. The values of FSO Link's parameters are given in Table IV .
It is obvious that as the link distance increases, the geometric loss also increases. The link margin is obtained over the variation of the link distances in the range of 0.1 km to 5 km. The exponential relation of fade margin and link distances is depicted in Fig. 9 . The availability curve in Fig. 10 is obtained by the corresponding link margin with each optical attenuation due to rain shown in Fig. 9 . The availability in Fig. 10 provides indications of reasonable link distances for FSO systems in tropical areas. Carrier class and enterprise class availability are predicted. These results show that the carrier class 99.999% (5-nines) availability can be achieved at a maximum distance of 900 meters only. In other words, five nines is equivalent to 0.001% outage. For this outage, the amount of potential downtime will be 5 min per year. Meanwhile, the enterprise availability (>99%) the FSO can operate of up to three kilometers link distance.
This availability corresponds to 1% of the outage (three and half day's downtime). Thus, the desired availability limits the FSO link range at which the FSO system should be deployed.
C. Comparison With Other Availability Assessments
The availability assessments done in this paper are compared with other availability assessments of FSO links. In [5] for FSO system B under rain condition only, in orders to achieve 99.999% availability over 720 meter link range, a link margin of almost 31 dB is needed. According to our results for the same availability and distance, a margin of almost 27 dB is needed. In [25] for the same availability also for rain, a margin of 17 dB is needed over 853 meter FSO link distance, whereas in our results 29 dB margin is needed for the same distance. This difference in fade margin is due to the different in FSO system parameters used in [25] compare to the one used in this paper, 16 dBm optical transmit power used compare to 13 dBm used in our assessments; Also 25.6 cm optical receiver aperture used in [25] which can reduce the attenuation compare with 2.5 cm used in our assessments. This indicates that FSO link availability can vary for different FSO system parameters. Another comparison which shows the effect of system parameters on the availability assessment for FSO is that in [12] . A margin of 41 dB is needed for 99.99% over a link distance of 1.4 km compare to 24 dB margin in our results. 17 dB margin difference is due to: 3 dB due to receiver sensitivity; 5.3 dBm optical transmit power and 6 dB due to model used in predicting rain attenuation. By taking all these consideration into account, the only difference is about 2.7 dB. These small differences that occur in [5] and [12] compared with our results it could be due to optical losses which it depends on equipment quality. Availability assessment done in this paper is verified with other availability estimations that used 850 nm wavelength. The variations in link margin are due to different FSO system parameters used at each experiment, model selection in predicting the rain attenuation and optical quality of the equipments. All studies presented above are agree that FSO link can operate over a few hundred meters only for carrier class applications; whereas for enterprise class application the FSO link can operate over longer distances (few kilometers). Present work is better than others in predicting carrier class availability with good enough resolution.
V. CONCLUSION
FSO link availability generally depends on the FSO system parameters, such as divergence angle and receiver lens area. These parameters are related to the FSO system manufacturers and can be controlled. Availability also varies due to the influence of local weather on FSO waves. Statistical local weather data provide a realistic availability assessment of any FSO link. In this paper, the influence of rain on the FSO link availability has been demonstrated by using long term measured rain data in Malaysia. The measured data were analyzed to predict attenuation and availability of FSO links. The link availability as a function of link range has been acquired. The carrier class availability (5-nines) of FSO link can be achieved over a maximum distance of few hundred meters only in tropical areas; whereas, the enterprise availability (>99%) can operate over longer distances of up to a few kilometers. The results of this paper can provide recommendation to local telecom service providers about possible availability figures for the design & deployment of point to point terrestrial FSO links, such as last mile solutions or other telecommunication applications in tropical climate areas. This proper approach can indicate the reliability of the FSO link over anticipated distances. In other words, a trade-off is shown between the FSO link distance and desired availability of FSO systems under Malaysian/tropical environment.
